Vertebrates, as most animal phyla, originated >500 million years ago during the Cambrian explosion, and progressively radiated into the extant classes. Inferring the evolutionary history of the group requires understanding the architecture of the developmental programs that constrain the vertebrate anatomy. Here, I review recent comparative genomic and epigenomic studies, based on ChIP-seq and chromatin accessibility, which focus on the identification of functionally equivalent cis-regulatory modules among species. This pioneer work, primarily centered in the mammalian lineage, has set the groundwork for further studies in representative vertebrate and chordate species. Mapping of active regulatory regions across lineages will shed new light on the evolutionary forces stabilizing ancestral developmental programs, as well as allowing their variation to sustain morphological adaptations on the inherited vertebrate body plan.
Introduction
The vertebrate body plan emerged from the basic chordate blueprint, with an axial notochord, a dorsal neural tube flanked by segmented trunk muscles, pharyngeal gill slits and a ventral heart. The three main groups within the phylum Chordates, cephalochordates, tunicates and vertebrates (here, referred as vertebrates for simplicity), share this archetypal design [1] . Assembled over this chordate architecture, a number of vertebrate-specific traits (i.e. synapomorphies) evolved during the Cambrian radiation. The most relevant of all these innovations is the elaboration of a new head over the ancestral trunk [2] [3] [4] ( Figure 1A ). It has been postulated that the appearance of novel cell populations such as the neural crest and ectodermal placodes (initially under relaxed evolutionary pressure) could have supported the evolution of tissue innovations [5, 6] . Emerging predatory jaws and elaborated sensory organs, together with the acquisition of both an endoskeleton and an increasingly complex brain, may have permitted the transition from a filterfeeding to an active predation lifestyle [2, 7] . The 2R hypothesis proposes the occurrence of two rounds of whole genome duplication (WGD) as an event closely related to the origin and early evolution of vertebrates [8] [9] [10] . It has been repeatedly suggested that these duplications, followed by sub-functionalization of duplicated gene copies, act as a permissive (and even instructive) factor for the emergence of the evolutionary innovations observed in vertebrates [8, 11, 12] . In line with this notion, the extra WGD observed in actinopterygians (3R) has also been postulated as a driving mechanism for the fast adaptive radiation observed in teleosts [13] [14] [15] . Opposing this view, some authors have argued that the anatomical analysis of fossil vertebrates does not support a link between WGDs and the emergence of evolutionary novelties [16] .
Riding a wave of evolutionary plasticity, vertebrates diverged into a fascinating range of morphological adaptations. This becomes evident either when comparing the fossil skeletons of extinct animals or simply by contemplating the variety of modern species (>60 000 vertebrate species have been described). This morphological diversity, apparent in adult animals, narrows considerably when embryonic forms are compared. On the basis of this observation, the 19th century embryologist Ernst Von Baer formulated the 'Laws of Development', which can be summarized in a fundamental idea: during embryogenesis, the organisms proceed acquiring first the most general traits of the clade they belong and then the specific features of the individual species. This concept remains valid, being central to our current understanding of the relationship between ontogeny and phylogeny [17, 18] . Possibly the main refinement to Von Baer's laws of embryology is the modern view that the point of maximum homology does not occur early during segmentation and gastrulation stages, but later at mid-development at the so-called phylotypic period, which in vertebrates coincides with the pharyngula stages [19, 20] ( Figure 1B) .
During the last decades of the 20th century, developmental genetics emerged (i.e. from the convergence of classical embryology, genetics and molecular biology) as a field focused on understanding the genetic bases of organ formation. Most of the key regulatory genes were identified in vertebrate and invertebrate models and, surprisingly at the time, many turned to be functionally conserved across metazoans [21] . It soon became obvious that these developmental genes do not act in isolation, but rather as central nodes of ancestral gene regulatory networks (GRNs) responsible for the establishment and maintenance of tissue identity through a hierarchical series of developmental decisions. According to this view, conserved body plans would depend on the conservation of core GRN or 'kernels', and conversely, the emergence of new animal tissues and organs would entail the re-elaboration of ancestral GRNs [22, 23] .
A genetic interpretation of phenotypic convergence during mid-embryogenesis is the hourglass model, which postulates that the preservation of the body plan depends on constrained molecular mechanisms active at the phylotypic stage [24] . Although a number of molecular analyses could not confirm the hourglass model [25, 26] , more recent advances in transcriptomics have allowed the identification of an evolutionary restrained molecular signature at the phylotypic period. Studies based on either the comparison of transcriptome profiles during the ontogeny of related species [27] [28] [29] , or the examination of the transcriptome age index (i.e. phylotranscriptomics) through embryogenesis in a single species [30, 31] , have succeeded in the identification of an hourglass pattern. The nature of the evolutionary forces maintaining phylotypic restraints over time has provided fertile ground for hypothesis [21, 24, 32] . However, the exact mechanistic description of these forces, which seem to be active at the phylotypic period in extant species [31] , still remains as a challenging task. Moreover, understanding vertebrates' evolutionary origin and further radiation requires gaining insight into many other fundamental questions such as: how novel developmental programs were evolutionary assembled to sustain vertebrate innovations? Do these programs depend on the re-elaboration of ancestral GRNs? Among the GRNs conserved in vertebrates, which are more resilient to evolutionary change and why? Is the conservation of these networks the ultimate cause of the observed phylotypic constraint? Can different regulatory circuits converge into similar anatomical designs? Whereas gene centric analyses provided by classical developmental genetic approaches were essential to understand the basic programs involved in tissue specification (e.g. [33, 34] ), genome-wide approaches will be fundamental to answer many of the questions formulated above. In the following brief, we review recent functional genomic and comparative epigenomic studies that shed light on the identification of cisregulatory modules (CRMs) across vertebrates.
Comparative analysis of conserved non-coding elements during vertebrate development and evolution CRMs are commonly described as genomic regions (generally non-coding) containing clusters of transcription factor binding sites (TFBSs), which control a subcomponent of the overall expression pattern of a given gene [35] . The ability of a CRM (although CRMs include enhancers, silencers, promoters, locuscontrol regions and insulators, in this review, we have focused mainly on those modules acting as tissue-specific enhancers) to behave as an enhancer (i.e. driving expression in a spatio-temporal restricted manner) can be experimentally assessed in transgenesis experiments. The individual analysis of genomic regions in enhancer assays is however an arduous task, and several approaches have been undertaken for genome-wide CRM prediction (reviewed by [36, 37] ). The sequencing of an increasing number of vertebrate species [38] [39] [40] [41] [42] [43] [44] [45] opened the possibility of multi-species genomic alignments, and thus the indirect prediction of CRM, either through the identification of TFBSs clusters or simply by DNA alignment between related species (known as phylogenetic footprinting).
Comparative genomics has been extensively used to reveal conserved non-coding elements (CNEs) in several species including vertebrates, for which a collection of approximately 3000 highly conserved non-coding elements (hCNEs) has been identified [46, 47] . Similarly, an independent collection of conserved regulatory elements is associated to developmental genes in the invertebrate group [48] . Vertebrate and invertebrate sets of CNEs are almost non-overlapping, with only a few anecdotic examples of trans-phyletic conservation of regulatory modules [49] [50] [51] . Interestingly, most of the vertebrate CNEs are in the vicinity of genes with important morphogenetic roles during development [47, 52] . In fact, several functional studies indicate that a large proportion of the vertebrate's CNEs contain enhancer or silencer elements that regulate the expression of developmental genes in specific domains of the embryo [52] [53] [54] [55] . These initial observations suggested that CNEs could be used as a proxy to identify CRMs; however, several lines of evidence have shown the limitations of this assumption. First, not all CNEs seem to behave as tissue-specific drivers in transgenesis assays [54] . Moreover, the operational logic of a CNE may be species specific, depending both on a particular combination of TFBSs, and on the expression and activity of the transcriptional regulators that bind this element. Thus, it is not infrequent that conserved sequences behave differently when injected in different species [56] . Finally, a number of reports have described enhancers that despite being associated to the same gene and driving expression in a similar manner do not show apparent sequence conservation [57] [58] [59] . This can be partially explained because of the limitations of the computational methods used to detect sequence conservation in 'covert' elements [60] . Through pairwise comparisons among distantly related species, Taher et al. [60] were able to identify 1500 pairs of human and zebrafish elements showing no conservation by direct alignment, but that could be assigned to common CNEs when the frog genome was intercalated.
Functionally conserved covert elements, with similar regulatory logic embedded into a divergent sequence background, might represent an important fraction of the CRMs in vertebrates. This could be particularly the case in teleosts' genomes, in which CNEs seem to evolve faster than in other groups [61, 62] . The pervasive existence of covert regulatory elements provides an explanation to the following paradox: despite the obvious conservation of a basic anatomical design in vertebrates, and to a lesser extent also in chordates, only a few dozen mammalian CNEs can be traced back in jawless fishes and even a smaller number in cephalochordates [49, 51, 63, 64] . This apparent lack of homology is even more puzzling, taking into account that half of the most conserved CNEs behave as active enhancers precisely during mid-embryogenesis [54, 65] , the period of maximum morphological constraint. The assumption of completely different GRNs that independently converge on the same body plan in vertebrates and lower chordates (i.e. tunicates and cephalochordates) seems unlikely. The alternative hypothesis, the active maintenance of core GRNs to sustain the chordate/vertebrate architecture, entails the existence of functionally conserved CRMs without apparent sequence conservation among chordate subphyla. This lack of overall sequence conservation in otherwise functionally equivalent CRMs argues for a hidden homology in regulatory elements derived from an ancestral sequence (i.e. cover elements containing similar TFBS clusters). Alternatively, GRNs maintenance through evolution can also be explained by the de novo re-elaboration of modules, not related at the phylogenetic level, but sharing the same TFBSs regulatory logic. Gaining insight into the evolutionary history of vertebrate GRNs requires then direct methodological approaches (i.e. not based in sequence conservation) to identify active CRMs. The main conclusions of the initial studies using comparative epigenomics as a research tool will be discussed in the following section.
Comparative epigenomics in mammals and beyond
The development during the past decade of massive parallel sequencing platforms represented a gigantic technological leap that has transformed epigenomic studies, among other research fields [66] . Based on these new technologies, a number of direct methods have been established to identify CRMs at a genome scale, including mainly the ChIP-seq and open chromatin analyses. These approaches constitute core analytical tools in ENCODE and Roadmap Epigenomics, both reference projects for the systematic mapping of CRMs in the human genome [67, 68] .
Among vertebrates, comparative global mapping of TF-binding events by ChIP-seq has been explored particularly in mammals. These studies have focused on individual tissues and associated tissue-specific factors such as OCT4 and NANOG in embryonic stem cells [69] , CEBPA and HNF4A in liver [70] or PPARG in adipose tissue [71] . The overall conclusion of these works is that a large fraction of the TF-binding events is species specific, thus implying a rapid regulatory turnover of compensatory modifications to maintain similar gene transcriptional output [72] . Epigenomics analyses in Drosophila species reached independently similar conclusions on the specificity of the binding events [73] . In fact, TFBSs turnover is also obvious in closely related mouse species [74] , and even among individuals for whom TF-binding loses are frequently associated to genomic polymorphisms [75] . This fast evolutionary dynamics of TFbinding precludes, to a large extent, comparative epigenomics studies including far-related vertebrates. As an illustrative example of this limitation, only 6-8% of CEBPA binding is conserved between human and opossum, and the conservation is further reduced to as little as 2% when human and chicken are examined [70] .
Histone modifications in general, and H3K27ac and H3K4me3 in particular, provide a molecular signature of the activity state of CRMs [76] [77] [78] , and constitute an apparently universal regulatory code in eumetazoans [79] . These epigenetic marks have been used to reveal active enhancers across mammalian species, focusing on specific cell types and tissues such as embryonic stem cells [80] , limbs [81] and hepatic tissue [82] . The data obtained through the analysis of histone modifications' binding provide an additional layer of information to that of genomic conservation and TF binding, and contribute to a comprehensive interpretation of the genome regulatory logic [80] . Although more conserved among species than TFBSs [70] , a substantial fraction of the CRMs revealed by epigenetic marks are lineage specific. Thus, comparative studies in mammals have described a rapid evolution of enhancers, often by exaptation of ancestral DNA, and a higher conservation of active promoters [80] [81] [82] [83] . This type of information can now be used as an important tool, both to investigate how morphological and physiological adaptations evolved within a particular lineage [81, 82] , and to understand the nature of the evolutionary constraints that maintain the vertebrate body plan. Regarding this last aspect, the dynamics of epigenetic marks during embryogenesis has been explored either for the whole zebrafish embryo [84] or for specific mouse tissues [83] . Interestingly, both studies show that enhancers active during mid-embryogenesis show a higher degree of sequence conservation. The comparative analysis of epigenetic marks at the phylotypic window in two far-related teleosts, zebrafish and medaka, has allowed the identification of a set of conserved and active vertebrate enhancers (700), which regulate the expression of TF with fundamental roles in tissue specification [85] . It is likely that these TF represent 'hub' genes within the GRNs operating during the phylotypic period. To which extent, other phylotypic enhancers showing no apparent sequence conservation may contribute to the regulation of the core GRNs is currently unclear.
In addition to ChIP-seq approaches, open chromatin detection methods such as DNAseI hypersensitivity sites (DHSs) [86] [87] [88] , FAIRE [89] and more recently ATAC-seq [90, 91] have been used to investigate cis-regulatory landscapes in different tissue types. Recent DHSs studies between human and mouse tissues have allowed a comparative analysis of TF occupancy at nucleotide resolution [92, 93] . A first conclusion from these works is that, despite the existence of a common TF recognition lexicon in mammals, only 22% of the individual TF footprints are conserved. This low conservation argues again for an extensive evolutionary turnover at the TFBSs level and is in line with the conclusions from previous ChIP-seq analyses [69, 70, 82] . Interestingly, this conservation percentage increases to 44% when TF to TF connections are explored, and reaches 95% when the architectures of specific GRNs are examined [92] .
Conclusions and future directions
Comparative epigenomics is emerging as a valuable tool in evolutionary biology. Pioneer studies examining mammalian species have shown the potentiality of these novel analytical methods to investigate the emergence of lineage-specific traits, as well as to identify ancient regulatory blocks responsible for the common features of the entire clade. Comprehensive maps of enhancers, promoters and open chromatin should now be obtained for representative organisms of the vertebrate and chordate evolutionary tree. The direct analysis of their CRMs dynamics during development should shed new light on the architecture of ancestral GRNs conserved both in vertebrates and chordates. Moreover, this information will be instrumental to infer how developmental programs evolved to sustain morphological adaptations [94] , and how novel cell types and tissues emerged to eventually transform the vertebrate body plan.
The development of new bioinformatic tools to uncover hidden sequence homology, in conjunction with ChIP-seq and chromatin accessibility approaches, should provide enough analytical depth to identify relevant CRMs at each transition during vertebrates evolutionary history. To the classical transgenesis approaches to test elements' functionality in vivo, now we can add recent advances in genome editing technologies provided by the CRISPR-Cas9 system [95, 96] . These new methods open the possibility of removing and engineering CRMs in a variety of model organisms, and hence will constitute a powerful tool to functionally validate predictions derived from epigenomic studies.
Glossary terms
Assay for transposase-accessible chromatin followed by deep sequencing (ATAC-seq). This genome-wide technology allows investigating chromatin accessibility. The method is based on the Tn5-mediated in vitro transposition of sequencing adapters into open chromatin regions.
Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq). The method is used for genome-wide isolation and sequencing of DNA fragments associated to a given protein after covalent cross-linking.
Cis-regulatory modules (CRMs). They are defined as DNA elements (usually non-coding) able to influence the expression of one or more genes. CRMs contain specific arrangements of transcription factor binding sites (TFBSs) determining their role as silencers, enhancers or insulators. CRMs can be either evolutionary conserved or not.
Conserved non-coding elements (CNEs). They are defined as non-coding DNA fragments identified by sequence homology between species. CNEs may act as CRMs or not.
Covert regulatory elements. CRMs without apparent sequence conservation between species, according to conventional alignment algorithms, but which show functional equivalence. Cover elements often containing similar TFBSs clusters.
DNA exaptation. Evolutionary adaptation of DNA sequences to novel regulatory functions, which are different from their ancestral role. In this review, refers specifically to the evolution of CRMs.
DNAseI hypersensitivity sites (DHSs).
Regions of open chromatin accessible for DNaseI digestion. Genome-wide sequencing of these sites (DNase-seq) provides a comprehensive mapping of chromatin accessibility.
Formaldehyde-assisted isolation of regulatory elements (FAIRE). This genome-wide technology allows investigating chromatin accessibility. It is based on the differential efficiency of formaldehyde cross-linking between nucleosome-bound DNA and open chromatin regions.
Gene regulatory network (GRN). Interrelated collection of transcription factors and CRMs assembled into an operational circuit that determines the expression of all its components (nodes).
Phylogenetic footprinting. Comparative genomics approach used for the identification of CNEs through multi-species DNA alignment.
Phylotypic period. The developmental window in which all the embryonic forms within a phylum converge into common anatomical features.
Transcription factor binding sites (TFBSs). Short and specific DNA sequences that act as binding/recognition motifs for transcription factors. They constitute the minimal functional units within cis-regulatory modules.
Key points
• Understanding the origin and evolution of the vertebrate body plan requires the analysis of CRMs in different species and developmental stages.
• Maintenance of the vertebrate/chordate anatomical features is not accompanied by the conservation of CRMs at the sequence level.
• Recent advances in comparative epigenomics provide a direct method to identify active CRMs in vertebrate species.
• These novel analytical tools can now be applied to investigate enhacers' evolution in the vertebrate clade.
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